Light-induced actuators that are self-contained and compact can be used as artificial muscles for microrobotics because their actuation can be induced wirelessly, which reduces the complexity of the device or system. Here, we report a material system, nickel hydroxide-oxyhydroxide, that could actuate because of a volume change stimulated by illumination of visible light of low intensities. The actuating material here exhibited a turbostratic crystal structure capable of intercalating water, and we show that the intercalated water can be rapidly and reversibly desorbed into the environment under visible light of low intensities, resulting in fast actuation driven wirelessly by light. By electroplating the actuating material on passive substrates, we have fabricated film actuators capable of undergoing reversible bending and curling with an intrinsic actuating stress of 5 to 65 megapascals at response rates in the order of tens to hundreds of degrees per second depending on the light intensity, which are comparable to mammalian skeletal muscles. By intentionally electroplating the nickel hydroxide-oxyhydroxide on selected areas of the substrate, a hinged actuator that can lift objects~100 times the weight of the actuating material is achieved. Other demonstrations show the potential uses in robotic devices, including sunlight-induced actuation, a biomimicked "sensitive plant" with rapid leaf movement, and a light-powered walking bot.
INTRODUCTION
Actuating materials operating as artificial muscles in robotic applications that can rival skeletal muscles in mammals are being intensively sought (1, 2) . Such materials should be able to actuate intrinsically under certain stimuli in a self-contained way, without the need of mechanical components such as gears, pulleys, or belts. Many material systems are capable of producing actuation when driven by electricity, but then, electrical wiring and additional components, such as electrolyte and electrodes, are required (3-11), which would limit their applications.
Therefore, materials capable of producing actuation when stimulated by light are of great interest because they can offer tremendous potential in applications as wireless actuators (12, 13) for microrobots (14, 15) . A few materials have been found to have light-triggered actuation properties, but most of these are powered by ultraviolet (UV) (16) (17) (18) (19) (20) (21) (22) (23) or near-infrared (NIR) light (24) (25) (26) (27) . Other light-sensitive materials have very slow actuation responses that may take tens of seconds to fully actuate (28) (29) (30) , or they require very high light intensities (31) yet produce rather low actuating stress (32) . In this article, we report a very substantial light-stimulated actuation effect of the nickel hydroxide-oxyhydroxide [Ni(OH) 2 -NiOOH] material system that operates under visible (Vis) light of low intensities.
The Ni(OH) 2 -NiOOH redox couple was previously exploited for use in rechargeable battery electrodes (33) and was recently studied for an electrochemical actuation effect upon electric potential charging through an alkaline electrolyte (34) . Ni(OH) 2 -NiOOH is also known to be water-swelling, although it appears to be dry, because it can retain water molecules between the crystal planes in a turbostratic structure (35) , in which the planes along the c axis are tilted and rotated because of the intercalation of water molecules, as shown in Fig. 1A (36) . Here, we show that Ni(OH) 2 -NiOOH can produce remarkable actuation due to removal of the intercalated water molecules by light illumination alone, without the need of any electrical contact or electrochemical cell setup. We have fabricated skin-effect actuators comprising an active Ni(OH) 2 NiOOH layer supported by a passive substrate, and these can actuate quickly at 30°/s by visible (Vis) light of a low intensity of 5 mW/cm 2 . At higher intensities of 10 to 100 mW/cm 2 , the Ni(OH) 2 -NiOOH could respond at a rate of 60°/s to 400°/s and produce an actuating stress of 30 to 65 MPa that is comparable to mammalian skeletal muscles (1), thus allowing it to lift an object~100 times heavier than its own weight.
RESULTS

Materials characterization
The Ni(OH) 2 -NiOOH film actuators, composed of layers of nickel (Ni), gold (Au), and Ni(OH) 2 -NiOOH, were fabricated by three-step electroplating ( fig. S1A ). The actuators were adhered at one end to a copper (Cu) tape for actuation tests (Fig. 1B) . Their sizes were about 18 mm by 4 mm, and the thicknesses of the Ni(OH) 2 -NiOOH layers and substrates were measured by a profilometer to be 1.0 ± 0.2 and 1.3 ± 0.2 mm, respectively. Without any treatment, the as-plated Ni(OH) 2 NiOOH was in an oxidized state. To also study the reduced state of the material, we reduced a batch of the plated actuators in 1 M sodium hydroxide (NaOH) at −0.4V, which turned the color of the Ni(OH) 2 NiOOH from gray to golden. By plating at selected areas (fig. S1B) and patterned plating ( fig. S1C ), we fabricated actuators with actuating hinges and biomimicking configurations.
Cyclic voltammetry (CV) performed on a typical fabricated actuator under 1 M NaOH ( fig. S2) shows the characteristic oxidation and reduction peaks of the Ni(OH) 2 ↔NiOOH couple (37) . As the electric potential approached the values corresponding to the oxidation and reduction peaks in the CV, electrochemical actuation due to the redox reaction occurred as reported earlier (34) . Such electrochemical actuation behavior of an actuator with the Ni(OH) 2 -NiOOH facing right is demonstrated in fig. S3 and movie S1. It can be seen that, as the potential was scanned from 0 to 0.6 V, the actuator bent and curled in the direction that corresponded to the contraction of the Ni(OH) 2 -NiOOH layer, which is hereafter defined as the "forward" direction. On the other hand, when the potential was reduced from 0.6 to 0 V, the actuator returned to the original position by bending and curling in a "backward" direction corresponding to the expansion of the Ni(OH) 2 -NiOOH active layer.
Scanning electron microscopy (SEM) shows that the Ni(OH) 2 -NiOOH layer resided on a substrate comprising a thin layer of Au (Fig.  1C ) on top of a Ni layer. A top-view SEM image of the Ni(OH) 2 -NiOOH and the underlying Au layer is shown in fig. S4 . The surface of the Ni(OH) 2 -NiOOH was rough, and the deposited Au appeared as a closed packing of nanoflakes. The overall elemental composition of the cross section was measured by energy-dispersive x-ray spectroscopy (EDS) to be 13% O, 69% Ni, 15% Au, and 3% Co, and the EDS map of the cross-section of an actuator in fig. S5 indicates a distinctive oxygenrich layer on top of an Au and a Ni layer. These results show that the substrate was made of Ni and Au of about 1 mm and 100 nm, respectively, and that the oxygen-rich layer on top was Ni(OH) 2 -NiOOH, as confirmed by other characterization techniques detailed below.
Transmission electron microscopy (TEM) shows that the microstructure was crumpled (Fig. 1D) , which is characteristic of the turbostratic structure of Ni(OH) 2 -NiOOH (36). The turbostratic structure is further confirmed by selected area electron diffraction (SAED) in fig. S6 , which shows dispersed rings for both the oxidized and reduced states (36) . The diffraction rings of the SAED give interplanar spacings of 2.4 and 1.4 Å for an oxidized sample and 2.6 and 1.6 Å for a reduced one. The former roughly match the (002) and (110) planes of b-NiOOH or (102) and (110) of g-NiOOH, and the latter match the (100) and (110) of b-Ni(OH) 2 or (110) and (301) of a-Ni(OH) 2 (38, 39) .
Glazing-incidence x-ray diffraction (GIXRD) spectra of the oxidized and reduced sample shown in fig. S7 also confirmed the turbostratic structure of the material, because the resultant peaks are broad and asymmetric (40) . The 2q values for the peaks of the oxidized sample are 37°and 66°, which correspond to the interplanar spacings of 2.4 and 1.4 Å, and those for the reduced sample are 34°and 61°, corresponding to 2.6 and 1.5 Å, which match well with the measurement from SAED. All these confirm that the electroplated material was turbostratic Ni(OH) 2 -NiOOH. The spectra remained unchanged when the samples were illuminated by Vis light at 10 mW/cm 2 during the GIXRD measurements, showing that the light did not induce any redox reaction.
Light-induced actuation mechanism
When illuminated by light, the presented actuators exhibited a significant actuation behavior not reported before. Figure 2A shows the actuation response under UV, Vis, and NIR light illumination performed in an experimental setup shown in fig. S8 . Vis light was able to curl the actuator significantly, whereas UV and NIR light triggered milder actuation. The response of the light-induced actuation was instantaneous, and the actuator started to recover once the light was turned off (movie S2 Figure S10 compares two actuators made by electroplating Ni(OH) 2 -NiOOH for 0.5 hours on bare Ni and Aucoated Ni substrates, and the latter exhibited a higher change in curvature under illumination. In addition to using broad-band Vis light, the actuation response under narrowband Vis light with wavelengths of 400, 520, and 700 nm was also studied on an 8.5-mm-long actuator.
The results in fig. S11 show similar curvature changes at these wavelengths, thus indicating that the actuation response is fairly consistent within the Vis light spectrum. In such actuation responses, the actuator always moves in the forward direction that corresponds to contraction of the Ni(OH) 2 -NiOOH layer. This is in contrast with the redox-induced electrochemical actuation behavior illustrated in fig. S3 and movie S1, in which the actuation under oxidation is in the forward direction but, under reduction, is in the backward direction, corresponding to the material expanding, as discussed above. The absence of the backward actuation under light illumination suggests that the actuation was not caused by the Ni(OH) 2 ↔NiOOH redox reaction (34) , and this also agrees well with the GIXRD result that the spectra of the material in both the oxidized and reduced states were not affected by Vis light illumination, as described above ( fig. S7) .
However, mass measurement in a quartz crystal microbalance (QCM) (fig. S12) revealed a mass increase in Ni(OH) 2 -NiOOH as the QCM cell was moisturized and significant and reversible mass reduction and increment of the Ni(OH) 2 -NiOOH every time the light illumination was switched on and off (Fig. 2B ). As shown in Fig. 2C , without light triggering, the Ni(OH) 2 -NiOOH in either the oxidized or reduced state also exhibits similar actuation in the forward direction on humidity reduction in the environment. The sensitivity to humidity caused an actuator to straighten and curl autonomously and quickly when it was reversibly placed onto and taken away from a wet sponge (movie S3), and this behavior is similar to that of recently described humidityinduced actuators (42) (43) (44) . The QCM result and the humidity sensitivity here show that the desorption and absorption of water from the Ni(OH) 2 -NiOOH material led to a significant and reversible actuation effect, and the light-induced actuation was likely the result of desorption of water molecules from the material upon light illumination, which decreased the mass of the material.
The results so far suggest a different light-induced water-desorption actuation mechanism in Ni(OH) 2 -NiOOH, in addition to the already known electrochemical redox mechanism (34) . The possibility of interplay between these two independent actuation mechanisms led to the finding that the shape of an actuator under ambient conditions can be controlled by an electrochemical treatment of the Ni(OH) 2 -NiOOH layer. By a reduction treatment, the actuator shown in the lower row of Fig. 2C was significantly less curly than the oxidized counterpart under the same relative humidity (RH), and could undergo a larger actuation displacement when illuminated by Vis light of 5 mW/cm 2 at an RH of 65%, as shown in fig. S13 .
In additional to using light to trigger desorption of water, thus leading to material contraction and hence forward actuation, heating up by an electric current can also produce the same effect. An electric current of 1.5 A was made to flow through the Cu tape at one edge of an actuator (30 mm × 25 mm) with the Ni(OH) 2 -NiOOH layer facing up, and the resultant Joule heating caused a temperature rise of 2°to 5°C in the actuator, as measured by a thermocouple (Fig. 2D ). As shown in movie S4, the actuator curled in the forward direction immediately after the current was turned on, and once the current was turned off, it flexed back to the original shape in a similar rate. Figure 3A shows the effect of the light intensity on the actuation. The actuator bent under Vis light at 5 mW/cm 2 and curled to form loops as the intensity was increased from 10 to 100 mW/cm 2 . The actuation speed also increased with the intensity because full actuation would be completed in~3 s regardless of the light intensity (movie S5). A bending/curling speed of 30°/s to 220°/s was achieved from 5 to 50 mW/cm 2 ( Fig. 3B ). At 100 mW/cm 2 , the actuator curled to form two small loops within 1 s (movie S6), which corresponds to a speed of 400°/s; however, it took about 20 s to recover, which could have been caused by the slow water adsorption.
Performance of the light-induced actuation
To calculate the actuating strain exerted by the Ni(OH) 2 -NiOOH layer, the change in radius of curvature R of an actuator under actuation is needed. The coordinates (x, y) of the free end relative to the clamped end of an actuator at the initial and actuated states were measured from the recorded video, and the corresponding R was obtained by assuming the shape of the bent or curled actuator to be circular. For the milder actuation induced by Vis light of 5 mW/cm 2 , R was calculated by a geometrical relation:
At illumination intensities of 10 to 100 mW/cm 2 , the actuation became so severe that Eq. 1 is inapplicable. In such cases, R was obtained by dividing the length of the actuator L by 2p and the number of loops n that the actuator has curled into. Because a certain length L o of the actuator might not have actuated because of the blockage of the light illumination, the length is subtracted by With R measured, the actuating strain can be calculated following a previous method that was derived from Hsueh (45) and Cheng and Ngan (46) . As shown in Fig. 3C , the thickness of the actuating Ni(OH) 2 -NiOOH layer and the substrate are t a and t s , and the boundary at the clamped end is the origin of the coordinate system (x, z). Under illumination, the actuating layer is assumed to be shortened uniformly by strain e i if it was freed from the substrate. This is the intrinsic actuating strain of the Ni(OH) 2 -NiOOH layer if it stood alone in a stress-free strain similar to thermal strains. In reality, the strain of the whole actuator in the actuated state is e, which decomposed into a uniform component and a bending component:e ¼ c þ
where c is the uniform strain component and t b is the position of the bending axis. The bending axis is defined as the line in the section where the bending strain component is zero, which is different from the conventional neutral axis where the normal stress is zero. The stress state in the actuating layer is given by s a = E a (e − e i ) and that in the substrate is s s = E s e. Three boundary conditions are satisfied by the actuator. First, the resultant force due to the strain component is zero: E s t s c + E a t a (c − e i ) = 0. Second, the resultant force due to the bending strain component is
Third, the sum of the bending moment with respect to the bending axis is zero:
where E s is taken as the elastic modulus of only the Ni because the Au layer is thin and E a is that of the actuating layer. They were measured by nanoindentation (G200, Agilent) to be 220 ± 13 and 24 ± 5.6 GPa, respectively. Solving these conditions gives the three unknowns in the model:
; and
The actuating strain of the Ni(OH) 2 -NiOOH layer based on R measured from 10 cycles of actuation is calculated by Eq. 2 to be 0.03 to 0.3% (Fig. 3D) . The error bars refer to the measurement range of R, which increases over the actuation cycles due to the incomplete recovery of the actuator each time after the light was switched off. The incomplete recovery and, hence, the error bar are more significant at higher Vis light intensity; for 100 mW/cm 2 , the recovery was not complete after 20 s. The intrinsic actuating stress of the Ni(OH) 2 -NiOOH layer was calculated as s i = E a e i (Fig. 3D) , and the intrinsic work density was The light-induced actuating force under periodic Vis light illumination at 10 mW/cm 2 was measured by a microtensile tester ( fig. S16 ). The measured force was tensile, indicating that a contraction force was induced in the actuator so that the tensile tester had to exert a larger tensile force to continue the programmed displacement. The measurements under different preloads are plotted in Fig. 4A , in which the rises and drops of the force are synchronized with the on and off of the light. The force change represents the actuating force of the actuator, and as shown in Fig. 4B , this increases with the preload from 5 to 9 mN, likely due to the tautening of the curly actuator under a higher preload. From the actuating force measured by the microtensile tester, the corresponding actuating stress s was calculated by dividing the force F by the crosssection area A (width × thickness) of the Ni(OH) 2 -NiOOH layer, namely, s = F/A, and the work density by W = s 2 /(2E a ). Given that the width and thickness of the actuating layer were 4.0 mm and 1.0 mm, respectively, the actuating stress calculated from the force is in the range of 1.25 to 2.25 MPa. Taking the elastic modulus of the Ni(OH) 2 -NiOOH layer to be 24 GPa, the work density is 33 to 105 J/m 3 . These values of the actuating stress and work density are 10 and 100 times smaller than the intrinsic stress and work density of the Ni(OH) 2 -NiOOH layer under the same light intensity (Vis light at 10 mW/cm 2 ) as reported above, because the stress and work density measured in the tensile tester are the overall performance of the entire actuator. Thus, the values are the performance of the actuating layer net of the elastic constraint of the Ni substrate, which has about the same thickness as the actuating layer but 10 times higher elastic modulus (~220 GPa). By plating at selected areas ( fig. S1B ), we plated three strips each with 2-mm width of Ni(OH) 2 -NiOOH layer across the width on a substrate of 25 mm by 8 mm to form an actuator with three actuating hinges, as shown in the schematic diagram of Fig. 4C . Because the fabrication requires a quick immersion of the actuator into ethanol to remove the unwanted masks, the Ni(OH) 2 -NiOOH layer was slightly reduced (47) and hence expanded, leading to a variation in the shape of the actuating hinges, as shown in the photo capture of Fig. 4C . Nevertheless, the hinges could actuate by a similar magnitude to cause the entire actuator to self-fold and lift weights (movie S8).
For the self-folding, the top hinge can lift the lower part of the actuator by a displacement of >15 mm under Vis light illumination at 50 mW/cm 2 . When the free end was attached to a 25-mg load that was a small piece of polymeric sponge, the latter can be lifted by 2 to 10 mm by increasing the light intensity from 10 to 100 mW/cm 2 ( Fig.  4D ). This is equal to 8 to 40% of the length of whole actuator. From the weight-lifting experiment, the actuation performance exerted by the actuating layer can be calculated. The mass of the actuating hinges was estimated by multiplying the volume to the density. The thickness of the actuating layer was measured to be 1.2 to 1.4 mm, and the density was taken to be that of NiOOH, which is equal to 4.0 and 4.7 g/cm 3 for b-NiOOH and g-NiOOH, respectively (48) . The combined mass of the actuating hinges was estimated to be 0.24 to 0.31 mg, and they successfully lifted an object of 25 mg, which is~100 times heavier than the actuating hinges themselves. However, the load lifted of 25 mgf or 0.25 mN here is an order of magnitude smaller than the actuation force measured by the microtensile tester, as shown in Fig. 4B . This is because the load lifted in Fig. 4C was a performance of the entire actuator device, which was a folded structure with three actuating hinges. As shown in Fig. 4C , whereas the actuating hinges could fold significantly under the activation of the light, the passive parts of the strip structure exhibited significant compliance under load, and this limited the weight that could be lifted. The intrinsic load-lifting capability of the present type of actuators is much larger in the order of 10 mN or 1 gf, as measured directly by tensile testing as shown in Fig. 4B . Figure 4D also shows that the recovery of the actuator was slower than the actuation response especially at high light intensities. Replotting Fig. 4D into fig. S17 by changing the abscissa into the change in time after each switching on or off of the light shows a faster actuation response compared with the recovery. The hysteresis is an indication of the difference in kinetics between water desorption and reabsorption from and to the actuating material.
Applications
The low Vis light intensity required for the actuation allows sunlightinduced actuation to be realized. To demonstrate this, we intentionally performed an experiment on a cloudy day with a weak solar intensity of~15 mW/cm 2 , and the constituent intensity for Vis light was measured to be a low value of~5 mW/cm 2 . An actuator was placed in a transparent box covered by a shading cloth, as shown in Fig. 5A , and an actuation was triggered when the cloth was removed to let the actuator be exposed to sunlight (Fig. 5B and movie S9 ). The extent of the actuation was found to be similar to that triggered by the artificial light source used in the experiment in Fig. 3 at the same intensity (second panel in Fig. 3A) . The result here demonstrates the possibility for an outdoor-usable solar actuator. Moreover, as shown above in Fig. 2C and fig. S13 , the shape of an actuator at a given RH can also be changeable by a redox reaction pretreatment.
To demonstrate further potential applications, we fabricated various actuators by masked plating using chemical-resist stickers of different patterns ( fig. S1C) . Figure 5C shows a leaf-shaped actuator that "closes" under NIR light at 200 mW/cm 2 (movie S10), which biomimics the rapid leaf movement of a "sensitive plant" (49, 50) . Moreover, Fig. 5D and movie S11 show bundles of actuator strips that will stand and fall upon the turning off and on of Vis light of 50 mW/cm 2 , which mimics the response of hairs under temperature change driven by arrector pili muscles. The actuation of the "hairs" was likely complicated by shadowing or inter-illumination, and if many actuators have to be activated simultaneously for certain applications, then a light-guiding mechanism would be needed.
Last, a walking bot with a front and a back leg was created by selectively plating two actuating hinges, each 2 mm wide, along the width of the underlying Ni substrate strip. As mentioned above, the quick immersion of an actuator into ethanol to remove the unwanted masks caused the Ni(OH) 2 -NiOOH layer to slightly expand, which resulted in a convex actuating hinge. Because the hinges were facing up, by immersing the hinge at the back leg into ethanol for a longer time than that at the front, we made the back-leg hinge expand more so that the back leg became more vertical than the front leg, as shown in the schematic diagram of Fig. 5E . This asymmetry caused the front leg to move further than the back leg when illuminated by horizontal flashing Vis light of 50 mW/cm 2 , as shown in the photo captures in Fig. 5E , thus making the bot walk toward the light (movie S12). Movie S13 shows another walking bot made by longer immersion of the actuator in ethanol to achieve more convex shapes of the two actuating hinges. Between the two actuating hinges, a light blocker was also erected so that, when light was incident at a horizontal angle, only one of the two actuating hinges would be illuminated because of the shadowing effect of the light blocker. As shown in movie S13, irrespective of the light direction relative to the orientation of the walking bot, only the hinge that was illuminated was actuated, making the device always walk toward the light. 
S C I E N C E R O B O T I C S | R E S E A R C H A R T I C L E DISCUSSION
In this work, we have introduced a light-triggered actuating material system, turbostratic Ni(OH) 2 -NiOOH, that is capable of producing significant and fast actuation by water desorption when illuminated by low-intensity light. Film actuators with different shapes can be fabricated by electroplating the material on a passive substrate, and they are capable of bending and curling reversibly by Vis light illumination at low intensities. The high intrinsic actuating stress and response rate of the material system are comparable to mammalian skeletal muscles. With these properties, we have fabricated wireless actuating devices that are capable of self-folding and weight lifting and also demonstrated sunlight-induced actuation, biomimicking actuation, and a walking bot that are wirelessly stimulated. In addition, through an independent mechanism of a volume-changing electrochemical redox reaction, the shape of the fabricated actuator can be varied, which is of great importance for outdoor applications in which thin-film actuators in general can be sensitive under the ambient conditions. The Vis light-induced actuation property of Ni(OH) 2 -NiOOH makes it an important addition to the known group of light-induced artificial muscles (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) that are mainly functional under UV and NIR light, which is more harmful than Vis light. In addition, Vis light sources with low intensities are easily available and much cheaper, and this is another advantage of the material.
To further develop the present type of Vis light-induced actuators, scaling up the actuating Ni(OH) 2 -NiOOH layer is desirable. However, the thickness of the Ni(OH) 2 -NiOOH layer was limited to~1 mm by the present fabrication method based on electroplating. Instead, a large number of actuators can be combined together to give a large total actuation force. As mentioned above, shadowing or inter-illumination among actuators may become an issue, but this can be overcome by designing a proper light guiding or delivery system to uniformly distribute light to all actuators. Nevertheless, as the present results show, a single or a few actuators may already serve the purpose for microrobot applications. Another promising research direction is scaffolding by lithography or three-dimensional printing to produce origami or kirigami actuators, with the help of computer-aided design and finite element analysis. With these configurations of the actuator, other modes of actuation, for example, twisting and rotation, might also be achieved. The present results on the intrinsic actuating properties may provide the necessary data for such developments.
MATERIALS AND METHODS
This study aims at developing a type of Vis light-induced actuators based on the actuating material system Ni(OH) 2 -NiOOH. Here, the fabrication of the actuators, materials characterization, the actuation tests, and the demonstration of potential applications are described.
Chemicals and materials
Three solution baths were prepared for the electroplating of Ni, Au, and Ni(OH) 2 -NiOOH. A commercial Ni-plating kit (Caswell Inc.) was used for the Ni bath, and an Oromerse SO Part B (Technic Inc.) electroless plating solution was used for making the Au bath. All the other chemicals were purchased from Sigma-Aldrich and were used without further purification. Fluorine-doped tin oxide (FTO)-coated glass slides (3 mm thick; sheet resistance,~10 ohms/square) were purchased from Sigma-Aldrich. Chemical-resist stickers (50 mm thick; CM-200E) were purchased from MAX Bepop, and copper (Cu) tape was purchased from 3M. Deionized (DI) water with a resistivity of 18 megohms·cm was used to make all the solution baths and for rinsing.
Three-step electroplating fabrication of Ni(OH) 2 -NiOOH film actuator
The procedure is shown in the schematic diagram in fig. S1A . First, Ni was electroplated on FTO glass masked by a chemical-resist sticker with rectangular openings (the typical size was 20 mm by 4 mm), using a constant cathodic current of −15 mA/cm 2 for 7.5 min in the Ni bath in a two-electrode electrochemical cell against a Ni metal sheet counter electrode. Because prolonged plating of Ni(OH) 2 -NiOOH might lead to dissolution of the Ni substrate, a protective Au layer was electroplated on the Ni. The Au bath was composed of Oromerse SO Part B and 1.7 M sodium sulfite (Na 2 SO 3 ) in the volume ratio of 1:9, and a constant cathodic current density of −0.1 mA/cm 2 was applied to the Ni-plated FTO in a three-electrode cell against a silver/silver chloride (Ag/AgCl)-saturated reference electrode and a platinum (Pt) mesh counter electrode for 30 min. The color of the plated Au layer was uniform and dull. Last, Ni(OH) 2 -NiOOH was anodically plated on the substrate in a solution bath of 0.13 M nickel sulfate (NiSO 4 ), 0.1 M sodium acetate (CH 3 COONa), and 0.13 M sodium sulfate (Na 2 SO 4 ) in a three-electrode cell. The current density was 0.4 mA/cm 2 against saturated calomel reference electrode and Pt mesh counter electrode for 2 hours under vigorous stirring. The plated Ni(OH) 2 -NiOOH was in an oxidized state with a gray color. After each plating process, the sample and the FTO glass were rinsed with DI water and dried with a compressed air duster. After the three-step electroplating process, the chemical-resist sticker was removed, and the resultant film actuator was peeled off the FTO glass by a pair of sharp tweezers. For the rectangular actuators with the size of 20 mm by 4 mm, one end of the film actuator was adhered to a piece of Cu tape so that it could be clamped for the electrochemical treatment and actuation tests. This reduced the exposed size of the actuator to about 18 mm by 4 mm.
Plating at selected areas and patterned plating methods For plating at selected areas, the procedure is shown in the schematic diagram in fig. S1B . First, after Ni was plated on FTO glass, designated positions were painted with a permanent marker pen. The unmasked regions were plated with the Au and Ni(OH) 2 -NiOOH layer with the same conditions as above, except that the current density applied for plating Ni(OH) 2 -NiOOH was increased to 0.55 mA/cm 2 . Then, the paint was removed by ethanol. This resulted in actuating hinges for self-folding, weight lifting, and a walking bot in Figs. 4C and 5E. Patterned plating for making biomimicking actuators was carried out by using chemical-resist stickers of various shapes, as shown in fig. S1C .
Electrochemical reduction treatment and characterization of the Ni(OH) 2 -NiOOH actuator An LK2006A electrochemical workstation (Lanlike) was used for applying potential to actuators under a bath of 1 M NaOH solution. To prevent any contact of the Cu tape to the solution, a thin coating of lacquer was applied to the tape. For the reduction treatment, −0.4 V was applied to an actuator against an Ag/AgCl reference electrode and a Pt mesh counter electrode in 1 M NaOH for 2 hours. After this treatment, the color of the Ni(OH) 2 -NiOOH material was found to change from gray to golden. CV characterization of Ni(OH) 2 -NiOOH was performed in the same LK2006A workstation. An actuator was immersed in 1 M NaOH, where a potential scan from 0.2 to 0.55 V was applied to the actuator at a rate of 10 mV/s.
Materials characterization of Ni(OH) 2 -NiOOH
Scanning electron imaging and EDS were carried out in a LEO 1530 FEG scanning electron microscope. Samples were prepared by directly cutting small pieces from film actuators and adhered them to sample holders. For imaging, the samples were gold-palladium-sputtered for 20 s in a Bal-Tec SCD 005 Sputter Coater. For EDS, no sputtering was performed.
TEM imaging and SAED were carried out in an FEI Tecnai G 2 20 S-TWIN STEM. Samples were prepared by first plating Ni(OH) 2 -NiOOH onto an FTO glass, with the same solution bath and current conditions described above, except that the plating time was reduced to 40 min. The plated Ni(OH) 2 -NiOOH was in an oxidized state with dark color. Samples in the reduced state were prepared by electrochemical reduction under 1 M NaOH, with 0 V applied against an Ag/AgCl reference electrode for 30 min. Then, the Ni(OH) 2 -NiOOH on the FTO glass was scratched off by sharp tweezers and adhered to a TEM Cu grid with carbon film wetted with DI water.
GIXRD was performed in a Rigaku SmartLab 9-kW x-ray diffractometer. Samples were prepared by plating Ni(OH) 2 -NiOOH on Ni-plated FTO glasses for 40 min. The Ni could prevent the diffraction from the FTO that would mask the peaks for Ni(OH) 2 -NiOOH. Reduced samples were prepared at the same condition as the TEM samples above. Samples supported on FTO glass were put directly onto the sample holder of the diffractometer. Parallel-beam/parallel-slit analyzer mode was used, with the incidence angle for the x-ray beam being 0.5°and the sweep rate being 1°/min at steps of 0.1°.
Light-induced actuation tests
Actuation tests were performed inside a compartment illuminated by low-intensity light-emitting diode light as background for video recording. An actuator was put into a tightly sealed transparent chamber at a temperature of 22°to 24°C. The background lighting has little effect on the light-induced actuation, as shown in fig. S8 . By putting desiccant and wet sponge into the chamber, RH levels of 40 and 90% were obtained respectively after 0.5 to 1 hour, as measured by a Tes-1360A humidity/temperature meter (TES Electrical Electronic Corp.). Without the desiccant or wet sponge, the RH was about 65%. The humidity-induced actuation demonstrated in movie S3 was performed in an open space.
To trigger the actuation, we used a xenon arc lamp LSH-X150 connected to a power supply LSP-X150 (Zolix Instruments Co. Ltd) with light filters (Shenzhen Fuzhe Technology Co. Ltd) to illuminate NIR, Vis, and UV light. The wavelength was checked by a spectrometer (HR2000 + CG, Ocean Optics) to be 800 to 1100 nm, 400 to 700 nm, and 300 to 500 nm, respectively. Vis light with narrowband wavelengths of 400, 520, and 700 nm was provided by applying relevant narrowband filters together with the Vis light filter. The intensities of the filtered lights were measured by a TES11333 solar power meter (TES Electrical Electronic Corp.) and were varied through adjusting the distance between the light source and the meter.
UV-Vis spectroscopy of Ni(OH) 2 -NiOOH and Au UV-Vis diffusive reflectance spectroscopy was carried out in a Lambda 35 UV-Vis spectrophotometer (PerkinElmer) with an integrating sphere. The samples studied included a bare FTO glass plate, Ni(OH) 2 -NiOOH electroplated on a FTO glass plate, and Au electroplated on a FTO glass plate. The electroplating methods were the same as those described above.
Mass measurement of water adsorption/desorption of Ni(OH) 2 
-NiOOH
The mass change of Ni(OH) 2 -NiOOH under light illumination and humid environment was measured by a CHI430B electrochemical quartz crystal microbalance (CH Instruments Inc.). A piece of Au-plated quartz crystal was electroplated with Ni(OH) 2 -NiOOH for 30 min. The test environment was moisturized by putting water droplets into the QCM cell, and periodic Vis light illumination was applied at 30 mW/cm 2 ( fig. S12 ).
Measurement of actuation force induced by light
To measure the light-induced actuating force, we adhered an actuator to Cu tapes at both ends and clamped onto an Agilent T150 Universal Testing Machine (UTM) microtensile tester with micronewton resolution and under periodic Vis light illumination at~10 mW/cm 2 , as shown in fig. S16 . Because the tensile tester was not enclosed, the humidity was not controlled, and the RH was measured to be 50 to 55% during the test. A very slow strain rate, 1 × 10
/s, was used so that the actuator was only stretched by 0.01 to 0.1% during the test and could be assumed in a quasi-static state. The tester would start measuring the force and displacement when a preset sensing force was reached, which contributed to the part of the preload.
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